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I. Introduction M ESO-or microscale (millimeter length scale and below) combustion has been considered as a potential application in many small-volume, energy-demanding systems, such as power supplies for portable devices, actuation, propulsion for small spacecraft, etc. With large energy densities (50 MJ=kg), combustion-based micropower devices can be competitive with the energy density of contemporary lithium batteries (0:6 MJ=kg), at even low overall efficiencies [1] . Energetic materials have a relatively lower chemical energy potential (as low as 5 MJ=kg for some propellants) [2] compared with hydrocarbon fuels; however, their burning rate can be far superior to many hydrocarbons making them appealing for some applications. Fast propagation rates can result in better combustion efficiency and smaller quench diameters (length scales). The combustion of energetic materials (EMs) in microscale channels has been referred to as either micropyrotechnics [3] or microenergetics [4] . Because of potential advantages, there is a growing interest in applying energetic materials in microscale applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Applications include thrust, actuation (including injection or moving fluids), ignition, power, welding, and rapid switching. The fast reaction rate (deflagration or detonation) of some EMs is an advantage for minimizing heat losses, which is one of the most challenging issues to be solved in microsystems. Fuel tanks, valves, and pumps may be eliminated or reduced in microscale devices using solid EMs, resulting in simpler systems.
Often EMs commonly used for macroscale applications are not ideal for microscale applications. For example, HMX (a high performance EM) deflagration will quench in steel tubes several millimeters in diameter at atmospheric pressures. Even the detonation failure diameter is greater than a millimeter for HMXbased plastic bonded explosives. Consequently, HMX would not be expected to work well in most microenergetic applications. Many other common EMs would also be difficult to ignite, quench after ignition, or have low combustion efficiency. There is a need to consider materials that may have properties that are more ideally suited for microscale applications. Nanoscale energetic composites (also called metastable intermolecular composites or MIC) exhibit extremely fast reactions and propagation rates [18] [19] [20] [21] [22] [23] [24] . Consequently, nanoscale composites could have advantages over other materials in microenergetics applications. Tappan et al. [4] performed the first experiments with nanocomposite EMs in microchannels. Recently Tappan successfully propagated these materials in channels as small as 300 100 m. * * Several other EMs were also evaluated by Tappan and coworkers. However, the propagation rate was not determined as a function of the size of the microchannel. The aim of this work is to quantify the propagation rate for an optimized mixture for a variety of sizes of microchannels, in both circular and rectangular cross sections. In addition, a more complex geometry with lateral channels was considered to further demonstrate the applicability of these materials to microenergetic applications.
II. Experimental
The materials used in this study were mixtures of nanoscale Al and 2 =g, and has a sheetlike morphology with typical dimensions of about 30 200 nm. Hexane was used as the solvent in the sonication mixing. In this study, 0.25 g batches of reactants were used with about 10 ml of hexane. Following sonication, the mixtures were placed onto a steel pan and allowed to dry on a hot plate at 40 C. [Note: These are experimental materials and care should be exercised when handling the composites because of their sensitivity to impact, spark, and friction. Very small samples (<1 g) should be handled and appropriate mitigation used.]
Two experimental configurations were used. Figure 1 is a schematic of the microtube experiment. Thick-walled capillary tubes (borosilicate glass) were used for the three smallest sizes (inner diameters of 0.48, 1.01, and 1.85 mm) and an acrylic tube was used for the largest tube (inner diameter of 3.63 mm). A small section of rubber tube held a spark igniter at the top of the tube (Fig. 1) . A small spark ignited the material. These materials require very little ignition energy, which is an advantage in microscale applications. Vibration was used to fill the tubes with Al=MoO 3 powder. The density of the mixture was about 0:35 g=cm 3 or about 9% of theoretical maximum density (TMD). For Al=MoO 3 , the TMD is 3:81 g=cm 3 . A small amount of the composite is placed on the top of the tube in the rubber tube. Figure 2 shows the configuration for slot experiments. Stainless steel sheets were cut using electrical discharge machining (EDM). The slots were sandwiched in a holder, as shown in Fig. 2 , with poly (methyl methacrylate) windows. Figure 3 shows magnified views of two of the slots. The walls appear to have a rough surface. A Phantom 5.1 (Vision Research, Inc.) high-speed video camera was used to monitor the reaction progress. The camera record was triggered by light emission using a photodiode.
III. Results and Discussion
To determine the optimal mixture ratio for fastest propagation, we varied the ratio of nanoaluminum (nAl) to MoO 3 . Thick-walled 1.85 mm inside diameter tubes were used. The stoichiometric mass fraction of nAl, accounting for the initial oxide, is 31.6% nAl with 68.4% MoO 3 by weight. As seen in Fig. 4a , the maximum propagation velocity occurs near 38% nAl and 62% MoO 3 by weight. It is not unusual for fuel-rich thermite mixtures to have higher propagation velocities [20] , but explanations for this have not been adequate. If stoichiometric portions were used, the propagation velocity decreases by more than 10% from the maximum. In addition, the temperature is predicted to be much lower (over 800 K) at the maximum propagation velocity compared to the stoichiometric ratio. Consequently, if temperature is more important than propagation in a particular application, a stoichiometric ratio may be preferred. In addition, some applications such as thrust demand even higher gas production. This could be accomplished by the addition of gas generants or by choosing other reactants. Our goal here is not to direct this material to any particular application, but to study the effect of diameter on the propagation.
A. Equilibrium Calculations
To explore the question of why the optimum propagation rate was obtained with a fuel-rich mixture, chemical equilibrium calculations were performed. The Cheetah 4.0 program was used [25] . A constant one-atmosphere pressure problem was considered. The air within the powder is neglected. Including air would change the results very little. For example, including air in a stoichiometric calculation of Al=MoO 3 composite changes the calculated temperature by less than 1%. A further justification for neglecting the air is that the propagation rate in a vacuum or air has been observed to be nearly the same for at least the Al=MoO 3 composite [18] .
In a recent paper, Hobbs and Baer [26] reviewed various product libraries and developed the JCZS (Jacobs-Cowperthwaite-ZwislerSandia) product library. Using the JCZS product library included in Cheetah 4.0 we found that for very fuel-rich cases solid Al was produced in the products, although the temperature was far above the melting temperature of Al (933 K). This is not physically plausible. Both BKWS (Becker-Kistiakowsky-Wilson-Sandia) and JCZS product libraries produced similar results. The product library EXP6.2 [25] does not predict solid Al forming above the melting temperature. Using the product library EXP6.2 the maximum gas production (mainly Al vapor) corresponds closely to the ratio for peak propagation velocity (near 38% nAl). It appears that gas production is more critical in the reaction propagation than adiabatic temperature. This suggests that convective processes may be important in the propagation. However, EXP6.2 does not include many aluminum species, such as Al 2 O, AlO, and others. In addition, EXP6.2 does not predict the solidification of Mo even though predicted temperatures dropped below the melting temperature of Mo (2896 K). Consequently, we did not present the results calculated using the EXP6.2 product library. We were able to obtain a correctly implemented version of the JCZS product library from Mel Baer at the Sandia National Laboratory that does not predict anomalous solid aluminum at temperatures above the melting temperature of aluminum described above. We have compared these calculations with NASA's CEA equilibrium code and predicted adiabatic temperatures are within about 200 K for the mixtures considered.
We used the JCZS [25, 26] product library (Baer's corrected version) in the calculations presented in Fig. 4b . Using the BKWS product library instead would not change the conclusions. At about 39% nAl by weight, solid Mo begins to be predicted in the equilibrium products. This is consistent with the melting temperature of Mo at 2896 K. The knee in the temperature profile near 39% nAl is due to the Mo phase change in the products. At higher mass fractions of nAl, the amount of liquid Mo drops quickly. In contrast to the EXP6.2 calculations, the total gas production does not peak near 38% nAl but continues to rise over the range considered. The amount of liquid Mo peaks near stoichiometric conditions. These results suggest that liquid Mo in the products combined with higher gas production accelerate the propagation, even more than higher temperatures. The mechanism suggested is liquid Mo being propelled forward by hot convective gases and solidifying on unreacted materials. This could be a very effective heat transfer mechanism.
B. Tube Experiments
We chose to consider the mixture ratio resulting in the fastest propagation because this may minimize heat losses. Four tube diameters were considered. A framing rate of 88,888 fps with a shutter time of 3 s was used. The aperture was adjusted between experiments to keep the exposure adequate. The intensity increased with diameter, as expected. Figure 5 shows a snapshot of four experiments with various diameters. There are no significant differences in appearance. Figure 6 shows a time sequence for a typical tube (2 mm diam) experiment. There is a short initial transient, followed by propagation that appears steady. The expansion of the rubber tube used to hold the spark igniter and some blowby of products from the ignition event is seen near the top of the image.
Decreasing the diameter results in a slower propagation velocity. Figure 7 shows the propagation velocity as a function of diameter for the tubes considered. The uncertainty is very conservatively estimated to be about 10%. Density variations of the powders could introduce the most significant uncertainties. The speed appears to be approaching a limit as the losses to the walls become negligible with larger diameters. Heat or momentum losses to the walls are the likely cause of the slower propagation. This functional dependence is similar to unconfined explosive rate stick results [27] . In high explosives the divergence of the expanding downstream flow reduces the energy available to propagate the detonation.
The propagation speed can also be plotted as a function of the inverse of the diameter d (Fig. 8) . For unconfined explosives having large diameters, a linear dependence is observed for unconfined explosives followed by a more rapid drop in detonation velocity [28] . Because the tube walls are not deflected significantly in these experiments as the reactive wave propagates, the loss mechanism is not likely the same as high explosives. However, we see in Fig. 8 that these results produce a linear dependence on 1=d for the diameters considered. This may indicate that the failure diameter is far less than the smallest tube used. The linear regression, V V 1 a=d, is shown in Fig. 8 . The maximum available energy is proportional to the volume, or the cross sectional area on a per length basis. The energy lost by heat transfer or viscous loss is proportional to the surface area, or perimeter in specific terms. The ratio of the energy lost to available energy for propagation would then be proportional to 1=d. It is not obvious why this effect on propagation rate would be a simple relationship, such as a linear dependence as it appears. The wall losses become negligible as d becomes large. For infinite diameter, the fit extrapolates to a value of 1090 m=s for V 1 . This result shows that larger tubes would not produce much of an increase in propagation speed beyond the largest diameter considered here.
The parameter a is a material property with units of m 2 =s that is expected to change for different materials and initial conditions, such as density and temperature. The ratio a=V 1 is a material dependent length scale. For explosives is roughly correlated to the failure diameter [27, 28] . Consequently, may be a useful way to compare materials for use in microenergetic applications. Specifically, materials with smaller a and large V 1 (smaller ) would be expected to have smaller failure diameters, and likely better combustion efficiency too. The length scale of this material (), under these conditions, is on the order of 100 nm using the measured results. This is on the same order as the size of the particles used. Explosive failure diameters are on the order of 10 [27] . If this also holds for the materials considered here, then the failure diameter for this material would be estimated to be on the order of 1000 nm or 1 m. It is impossible to load these materials in 1 m channels. However, if a similarly sized and reactive nanoscale material were assembled in some manner, reaction on the micron scale may be possible. Perhaps smaller failure diameters would be possible for even finer scaled materials. In any case, measuring for different materials and configurations (such as density) of interest could prove to be a very useful way to rank materials for their application in microenergetics. The unsteadiness is clearly seen. Figures 10 and 11 summarize the slot results. With the exception of the two smallest hydraulic diameters the data are qualitatively similar to the tube results. It was difficult to pack the two smallest slots with the composite because the small depths makes it difficult to obtain a continuous fill of material, and this may have significantly affected the results. Also, as mentioned above, the flame propagation was not steady. The rest of the data are shifted down to lower velocities compared to the tube data. There are several reasons this may be the case. The walls of the steel slots are much rougher than the acrylic and glass tubes and this could increase the heat and momentum loss to the walls. In addition, the difference in thermal conductivity of the steel from the tubes could contribute to the observed differences, but this should be examined by changing materials in the same configuration in future work. Also, there is some leakage of gases between the steel and windows, as can be seen in Fig. 9 and this would be an additional loss. Moreover, the shorter slot lengths may not have allowed a propagating flame to become fully developed. It is also possible that the rectangular shape does not appropriately scale to the hydraulic diameter. Nevertheless, the parameter measuring is on the same order of magnitude as obtained for the tubes and the implications are the same for the slots as the tubes.
D. Connected Slots
Some possible applications may require turns or other more complex geometries. Figure 12 shows a more complex slot configuration consisting of a small slot crossing a larger slot using the same two slot sizes considered above. The small slot ignites the wider slots and propagation then proceeds much faster than in the thinner slot demonstrating that the reaction wave can readily turn corners.
IV. Conclusions
In this paper we have examined the applicability of a nanoscale thermite in microchannels; both tubes and slots were used. We optimized the mixture ratio for propagation speed and found that it optimized at a fuel-rich ratio. We performed equilibrium calculations that showed that the peak propagation velocity occurred where there are more gas products and no solid Mo in the products. This implies that propagation is not dominated by the final temperature, as is expected in normal deflagrations. In addition, this indicates that radiation is not the dominant mechanism [18] . Instead, we propose that the propagation is dominated more by hot gas products that propel liquid Mo forward and transfer heat via convection and the solidification of the liquid Mo.
We measured the propagation of the optimized material in smooth walled tubes as a function of diameter. We found that the propagation velocity decreases linearly with inverse diameter, likely controlled by wall losses (heat transfer or viscous effects). Steel slots with two widths and several thicknesses were also considered, extending to a hydraulic diameter of 121 m. The propagation velocity also decreases linearly with inverse hydraulic diameter for all but the smallest two slots. The propagation velocity in even the smallest slots is near 100 m=s. Classical energetic material would have difficulty igniting and propagating in these small tubes and slots. These results show that nanoscale thermites can ignite and propagate well in microchannels. Consequently, these materials may have applications in various microenergetic (or micropyrotecnic) applications.
These results show that the nanoscale composites such as those considered here may be successfully applied in nanoenergetic applications in very small channels (on the order of at least 100 m) and are likely limited by much smaller scales. In addition, the improved understanding gained may help in the choice of materials for microenergetic applications.
